What is it all about?
The following chapter presents the basics of ellipsometry and discusses some recent advances. The article covers the formalism and theory used for data analysis as well as instrumentation. The treatment is also designed to familiarize newcomers to this field.
The experimental focus is on adsorption layers at the air-water and oil-water interface.
Selected examples are discussed to illustrate the potential as well as the limits of this technique. The authors hope, that this article contributes to a wider use of this technique in the colloidal physics and chemistry community. Many problems in our field of science can be tackled with this technique.
Ellipsometry refers to a class of optical experiments which measure changes in the state of polarization upon reflection or transmission on the sample of interest. It is a powerful technique for the characterization of thin films and surfaces. In favorable cases thicknesses of thin films can be measured to withinÅ accuracy, furthermore it is possible to quantify submonolayer surface coverages with a resolution down to 1/100 of a monolayer or to measure the orientation adopted by the molecules on mesoscopic length scales. The high sensitivity is remarkable if one considers that the wavelength of the probing light is on the order of 500 nm. The data accumulation is fast and allows to monitor the kinetics of adsorption processes. The technique can also be extended to a microscopy. Imaging ellipsometry allows under certain conditions a direct visualization of surface inhomogeneities as well as quantification of the images. Many samples are suitable for ellipsometry and the only requirement is that they must reflect laser light. Its simplicity and power makes ellipsometry an ideal surface analytical tool for many objects in interface science.
Polarized light
Light is an electromagnetic wave and all its features relevant for ellipsometry can be described within the framework of Maxwell's theory [1] . The relevant material properties are described by the complex dielectric function or alternatively by the corresponding refractive index n. An alternative representation of a given state of polarization uses the quantities ellipticity ω and azimuth α. The ellipticity is defined as the ratio of the length of the semi-minor axis to that of the semi-major axis as shown in Fig. 2 . The azimuth angle α is measured counterclockwise from the x-axis. Light is assumed to propagate in positive z direction so that x, y and z define a right handed coordinate system. Some authors prefer this representation and for this reason the conversion formulas between both notations are listed below. The derivations require a vast number of tedious algebraic manipulations and can be found in [2] . tan 2α = 2E x E y cos(δ y − δ x )
sin(2ω) = 2E x E y sin(δ y − δ x )
tan(δ y − δ x ) = tan(2ω) sin(2α) − 180
cos 2 arctan E y E x = cos(2ω) cos(2α) 0
Ambiguities arising from the inversion of trigonometric functions are settled if the upper and lower limits of all quantities are considered. The mathematical description is best done within the laboratory frame of reference defined by the plane of incidence. The propagation direction of the beam and the normal of the reflecting surface define the plane of incidence. Light with an electric field vector oscillating within the plane of incidence ( p-light) remains linearly polarized upon reflection and the same holds for s-light with E perpendicular to the plane of incidence. For this reason pand s-light are also called Eigen-polarizations of isotropic media or uniaxial perpendicular media. This consideration makes it obvious that this frame of reference is distinct. Incident and reflected beam can be described by their corresponding Jones vector :
Two quantities Ψ and ∆ are introduced in order to describe the changes in the state of polarization.
Changes in the ratio of the amplitudes are described as the tangent of the angle Ψ . It will turn out later that Ψ can be directly measured.
The reflectivity properties of a sample within a given experiment are given by the corresponding reflection coefficients r p and r s . The reflection coefficient is a complex quantity that accounts for changes in phase and amplitude of the reflected electric field E r with respect to the incident one E i .
Interference cannot be observed between orthogonal beams and hence p-and s-light do not influence each other and can be separately treated. With these definitions the basic equation of ellipsometry is obtained
Eqn. (11) relates the quantities Ψ and ∆ with the reflectivity properties of the sample.
The following two section discuss various ways to measure ∆ and Ψ and the theory and algorithm used for a calculation of the complex reflectivity coefficient. Some ellipsometers are designed in a way that they measure directly the real and imaginary part of the complex quantity ρ instead of Ψ and ∆. Eqn. (11) allows a conversion between both notations.
Design of an ellipsometer
Many different designs of ellipsometers have been suggested and a good overview is presented in Azzam and Bashara [3] . Here we discuss common roots of all arrangements and the underlying theory.
The layout of a typical ellipsometer is depicted in Fig. 4 . The main components are a polarizer P which produces linearly polarized light, a compensator C which introduces a defined phase retardation of one field component with respect to the orthogonal one, the sample S, the analyzer A and a detector. columns, the effect of each optical components is described by a complex 2 × 2 matrix.
The Jones formalism provides an elegant means for a quantitative description [4] .
The superscript J refers to the optical component J ∈[PCSA]; the subscripts e and a refer to the E-vector before and after the component. Each of the optical components including the sample possesses a distinct coordinate system in which the corresponding matrix is diagonal. For example a compensator consist of a birefringent material cut to a thin plate of a defined thickness t. Optically it possesses a fast and a slow axis. Linearly polarized light oscillating parallel to either axis remains linearly polarized, however, since the corresponding refractive indices of fast n f and slow axis n s differ, they travel with different speed which leads to a phase shift φ = (n f − n s ) · t · 2π/λ between the two components. Similar expressions can be given for each component: 
The setting of the optical components is defined by the angles P , A and C of its distinct axis, with respect to the plane of incidence. An angle C = −45
• means the fast axis of the compensator is set to an angle of −45
• with respect to the plane of incidence.
With these tools we can describe the E-vector at the detector as a function of the setting of all components including the unknown reflectivity properties of the sample.
To understand Equation (14), one must first realize that the multiplication always goes from right to left. Hence, the above mathematical formula can be described as follows:
linear polarized light exits the polarizer in the polarizer's frame of reference, then is rotated to the coordinate system of the compensator by the matrix operator R(C − P ), then the compensator acts on the state of polarization as given by T C , then the exiting light from the compensator is rotated to the coordinate system of the sample by the matrix operator R(−C) an so on. The multiplication given by Equation (14) yields:
γ accounts for the attenuation of the light intensity. Additional components in the optical path, for example the cell windows, should not change the state of polarization and can therefore be neglected. The intensity at the detector is proportional to
The Jones matrix algorithm leads to the desired relation between the intensity at the detector and the setting of all optical components. The unknown reflectivity coefficients can be retrieved in various manners and the applied measurement scheme names the method. Rotating analyzer means recording the intensity as a function of the setting of the analyzer and work out the unknown ellipsometric angles by a Fourier analysis.
Polarization modulation ellipsometry uses a variable phase retardation δ c for a calculation of the ellipsometric angles. Polarization modulation uses an electro-optic or acusto-optic modulator driven at a high frequency. The measurement is fast, however, there are also some inherent problems due to an undesired interferometric contribution of the modulator to the signal which cannot be separated from the contribution of the sample. 
This equation can be further simplified by using a high precision quarter waveplate as a 
Eqn. (18) links the quantities ∆ an Ψ to the null settings of the polarizer P 0 and analyzer A 0 . Once a setting (P 0 , A 0 ) has been determined which provides a complete cancellation of the light, then the same holds for the pair (P 0 ,Ã 0 ).
These nontrivial pairs of nullsettings are refered as ellipsometric zones. Measurements in various zones lead to a high accuracy in the determination of absolute values. Many intrinsic small errors due to misalignment are cancelled by this scheme.
So far we introduced two quantitites which account for changes in the state of reflection upon reflection. We also discussed how these quantities can be measured. The next chapter deals with the theory of reflection and illustrates means for a calculation of the ellipsometric angles of a given optical layer system.
Theory of reflection
In the following section a procedure for a calculation of the reflectivity coefficients r p and r s (and consequently the ellipsometric angles) first published by Lekner [6] will be described.
This method is certainly not the easiest one for the calculation of the reflectivity properties of a single homogenous layer at the interface between two bulk phases, but is advantageous, if the layer has an inner structure, e.g. a continuously varying refractive index normal to the interfaces. For just a few refractive index profiles it is possible to calculate r p and r s exactly, but in most cases approximations must be used: A continuously varying refractive index profile is subdivided into many thin layers. This method uses matrices to relate the electrical field and its derivative in between adjacent layer and matrices to account for changes of the phase in each layer. In every layer the refractive index is assumed to be constant. Obviously this approximation gets the better the finer the subdivision is.
For the derivation we use a rectangular coordinate system with the z-axis normal to the interfaces pointing from the incident medium to the substrate. This means that the interfaces of the layer structure are planes of constant z n . The x, z-plane is the plane of incidence. We start with Maxwell's equation. In the case of no magnetization, no free charges, no current in and linear polarizability of the sample they read:
with B representing the magnetic field, E the electric field, (z) = n(z) 2 the dielectric function and c the velocity of light in vacuo.
For the B-and the E-field a plane wave ansatz is used:
This ansatz fulfills Maxwell's equations, if the following relationship between the wave vector k and the angular frequency ω of the propagating wave is obeyed:
and if additionally B 0 , E 0 and k are normal to each other. Thus eqn. (20) and eqn. (21) can be further simplified:
Let's consider s-polarized light, that can be represented in the following way in the coordinate system:
Inserting E s in eqn. (26) results in three equations for E y :
After elimination of B x and B z one obtains a differential equation in E y which can be separated:
The ansatz E y (x, z, t) = e i(kxx−ωt) · E(z) leads to a differential equation in E(z):
with q being the z-component of the wave vector:
and ϕ representing the angle of incidence (defined as the angle between the surface normal and the direction of propagation of the light beam). Since E(z) is continuous at every interface, it is obvious from eqn. (30) , that also
Eqn. (30) can thus be split into two coupled differential equations of first order:
If q takes the value q n within a layer located between z n and z n+1 , and E n and D n are the values of the electric field and its derivative at z n , the solution of eqn. (32) 
is:
Since E and D are continuous at the interfaces, it follows that
representing the phase shift encountered while propagating through the layer. The eqn. (35) can be expressed in a matrix form:
where M ns describes the influence of the n-th layer on the s-polarized wave.
The matrices for p-polarized light can be calculated analogously. Since p-light has nonvanishing x-and z-components of the electrical field in the chosen coordinate system, it is more convenient to use the linearly coupled magnetic field B, which has just one nonvanishing component, instead of E.
Insertion of B into Maxwell's equations and simplification lead to a differential equation
that can be split into two equations of first order again:
Their solutions within a layer n resemble those of the s-polarized light (eqn. (33) and eqn. (34)):
It follows from eqn. (20) 
Now it is clear how to calculate the reflectivity coefficients of such a layer structure: The layers' matrices M n have to be multiplied consecutively, separately for p-and s-light:
The resulting matrices M s and M p relate the fields before and after the layer structure.
Before it (f ) there are incident and reflected wave, behind it (h) just the transmitted one:
Thus the following relations evolve:
These equations can be solved for r s and r p , resulting in two formally identical expressions for the two coefficients:
Up to now the only simplification is the discretization of the continuous refractive index profile. The next step is a reduction of the computational effort by using a Taylorapproximation up to the second order in the phaseshift δ n . This approximation is valid if the discrete layer thicknesses are much smaller than the wavelength of the light: in other words a sufficiently high number of layers is required.
for s-and p-polarized light simplify to
With just a slight increase of computational effort the approximation can be greatly improved by using layers with linearly varying dielectric functions as depicted in fig.6 instead of those with constant . Using this ansatz the components of the individual layer matrices adopt the following form:
Setting n = n+1 within a layer in eqn. (52)yields the step profile approximation eqn. (51).
>From the equations for r p and r s , eqn. (49) and eqn. (48), the ellipsometric angles ∆ and Ψ of arbitrary layer structures can be calculated using the basic equation of ellipsometry eqn. 11.
Ellipsometry applied to ultrathin films
The previous section described an algorithm for the calculation on the reflectivity coefficients of given refractive index profiles. Profiles are only of importance if their characteristic length scale is comparable to that of the probing beam. In many cases, i.e. adsorption layer of nonionic surfactants at the air-water interface, there is a striking mismatch between interfacial height h and the wavelength of light λ. As a result certain peculiarities exist which are discussed in this section [8] .
The most striking limitation is a reduction of the measurable quantities. The presence of an organic monolayer (refractive index 1.3-1.6) with a thickness below 2.5 nm does not change the reflectivity |r i | 2 and as a consequence there are no detectable changes in Ψ . In the thin film limit h λ the data analysis relies only on a single parameter, namely changes in the phase ∆. Unfortunately the number of independent data cannot be increased. Neither spectroscopic ellipsometry nor a variation of the angle of incidence yield new independent data, instead all quantities remain strongly coupled. A sound treatment is given in [9] . However, the sensitivity of an ellipsometric measurement can be significantly increased by the choice of the angle of incidence. A sensitivity analysis is given in [10] .
The exact formula relating the reflectivity coefficients of a single homogeneous layer with refractive index n 1 = √ 1 in between two infinite media (n 0 = √ 0 and n 2 = √ 2 ) at an angle of incidence ϕ is given by : 
where the reflectivity coefficients r 0,1,p , r 1,2,p , r 0,1,s and r 1,2,s describing the reflection at refractive index jumps n 0 → n 1 and n 1 → n 2 for p-and s-light are given by Fresnel's laws. If the layer thickness h is much smaller than the wavelength λ of light it is justified to expand the complex reflectivity coefficients in a power series in terms of h/λ. The first term in this expansion describes reflection at a monolayer.
If the refractive index is varying over the height of the layer, the term
within eqn. (63) has to be replaced by an integral η across the interface:
An ellipsometric experiment on a monolayer yields a quantity proportional to η. A simplification of eqn. (55) reveals its physical meaning. Quite often, as for example in case of adsorption of organic compounds onto solid supports [7] , 2 exceeds of the monolayer
Under these circumstances eqn. (55) can be further simplified:
A linear relationship between and the prevailing concentration c of amphiphile within the adsorption layer is well established [11] 
This relation yields a direct proportionality between the quantity η and the adsorbed amount Γ.
None of the assumptions which lead to eqn. 
Microscopic model for reflection
Quantities such as refractive index or thickness are macroscopic quantities. Their meaning at sub-monolayer coverage is not an obvious one. To bridge these inherent difficulties several approaches have been developed aiming for a calculation of the optical properties of a monolayer based on microscopic quantitities [12] . We follow here mainly a model originally derived by Dignam et.al. [13, 14] . 
which links the external electric field E 0 to the resulting polarization per volume P, t represents the thickness of the adsorbed layer. The polarization is given by the vector sum of all dipole moments µ j over all molecules j:
The local field at each dipole has two origins, the external laser field E 0 and the dipolar contribution which is proportional to E 0 .
Each adsorbed molecule is characterized by its own tensor β. The induced dipole moment of a molecule with a polarizability α j is given by
with this notation the susceptibilty tensor γ reads:
In order to calculate β it is desirable to introduce the field E ij , which accounts for the electric field at the position r i generated by the dipole of molecule j.
The projection operator ρ projects the induced dipole moment on the connection of the molecules at site i and j.
With the relation:
β i is given by
Each molecule is characterized by a tensor β j . For a further calculation certain assumptions about the molecular distribution must be introduced. For adsorption layers of soluble surfactants at the air-water interface it is a good approximation to consider β for all molecules equal. The underlying molecular pircture is is that the adsorption layer consists of one species of amphiphiles with a narrow angular distribution.
Under these conditions:
meaning that
With equation 63 the surface susceptibility tensor reads:
The number of molecules per unit area is denoted by N . For an uniaxial film with its optical axis parallel to the surface normal the tangential t and normal n component of the susceptibility tensor read:
The quantity t e can be regarded as an effective thickness as defined as
If the adsorption layer can be mathematically represented as adsorbed molecules on a rectangular grid with an average next neighbour distance of a
At monolayer coverage N = 1/a 2 the effective thickness is t e = 0.935a. The adsorption of molecules at the interface changes the optical properties of the system. The changes in the ellipsometric angles are given by
In the thin film limit only changes in ∆ occur:
δγ n,t denotes the difference of the susceptibility tensor between the film covered and the bare surface, i = √ −1, ϕ is the angle of incidence and λ is the wavelength of light.
Changes in the ellipsometric angle ∆ are given by the difference in L parallel and perpendicular to the plane of incidence.
The parallel component reads
whereas the perpendicular component is given by
This model reflects the optical response at the molecular level, but the model suffers from its complexity and high number of parameters, the values of which can only be assumed.
Since the macroscopic ansatz resulting in eqn. (54) comes to similar results with a properly chosen dependence of the refractive index of the layer on the adsorbed amount, the use of the microscopic model is not common in practical applications. In the following section we will discuss some representative examples.
Adsorption layers of soluble surfactants 8.1 Importance of purification
Due to the peculiarities of surfactant synthesis, many surfactants contain trace impurities of higher surface activity than the main component. These trace impurities do not influence most bulk properties. However, at the surface they are enriched and impurities may even dominate the properties of the interface. This behaviour was first recognized by Mysels [15] and a purification scheme using foam fractionation was proposed [16] . A detailed discussion on artifacts caused by impurities can be found in [17] .
In studies performed in our lab, we use a fully automated purification device developed by 
Physicochemical properties of our model systems
In the following we discuss the interfacial properties of two related amphiphiles, the cationic amphiphile 1-dodecyl-4-dimethylaminopyridinium bromide, C12-DMP, and the closely related nonionic 2-(4'dimethylaminopyridinio)-dodecanoate, C12-DMP betaine.
The corresponding chemical structures are depicted in fig. 7 together with their equilibrium surface tension isotherms. The synthesis is described in [19] .
Both components are classical amphiphiles and resemble all common features such as the existence of a critical micelle concentration cmc. The members of the homologous series of the alkyl-dimethylaminopyridinium bromide are strong electrolytes and follow the pre-dictions of Debye-Hückel theory as experimentally verified by conductivity measurements.
For solubility reasons we used 1-butyl-4-dimethylaminopyridinium bromide instead of the C 12 representative of the homologous series which gave us experimental access to a wider concentration range. Debye-Hückel predicts a proportionality of the activity coefficient to the square root of the ionic strength for aqueous solutions of 1:1 electrolytes which is indeed observed in our experiment. 
Adsorption layer of a nonionic surfactant
The ellipsometric isotherm ∆ − ∆ 0 of the nonionic amhiphile C12-DMP betaine is shown in Fig. 8 . It decreases in a monotoneous fashion and reaches a limiting value at higher concentration. In order to assess its physical meaning we compare ∆ − ∆ 0 to the surface excess retrieved from the surface tension isotherm Fig. 7 . According to Gibbs' fundamental law:
the total surface excess Γ is given by the derivative of the surface tension isotherm σ e (c).
Γ is then compared to the changes of the ellipsometric quantity ∆−∆ 0 . The inset of Fig. 8 presents the result. The surface excess as given by the slope of the surface tension isotherm is compared to the ellipsometric response at each concentration. Obviously the relation between both quantities can be described by a straight line. Hence, experimental evidence has been provided that ellipsometry measures indeed the surface excess of the adsorption layer of the soluble nonionic amphiphile. Since optics measures refractive indices which are not very sensitive to molecular details we anticipate that this holds for a wider class of materials. In the following we discuss some possible scenarios:
Scenario 1: Filling up the adsorption layer
The adsorption layer is described as an isotropic optical layer of constant thickness with a refractive index n layer which depends on the surface coverage [21] . Within this model there are two distinct surface concentrations which lead to a vanishing d∆ = ∆ − ∆ 0 = 0 • . At very low coverage the refractive index of the layer matches the one of air n layer = n air = 1
and at an intermediate surface coverage the surface layer adopts the very same refractive index as the water bulk phase n layer = n water = 1.332. Consequently there has to be an extremum in between. The resulting d∆(n layer )-curve is depicted in Fig. 10 . The geometrical dimension of the molecules has been used as thickness of the layer. Obviously this scenario is not suitable to explain the measurement, the model predicts even a wrong sign of d∆ max ≈ 1.75
• ! The experimental data require that n layer > n water at all concentration. This means, water instead of air is the effective environment of this particular amphiphile within the adsorption layer.
Scenario 2: Effect of anisotropy
The following provides an estimation if changes in the molecular orientation may be responsible for the surprising features in the ellipsometric isotherm. The following assumptions were made in order to estimate an upper limit for this effect:
• The optical model is that of an uniaxial layer with the optical axis normal to the interface. The molecular arrangement is C ∞V which has been experimentally verified for the headgroups by polarization dependent SHG measurements.
• The thickness of the adsorbed layer and the mean tilt angle of the molecules within the layer change with their number density N at the interface. Within the investigated number density range the thickness increases from 1nm to 1.9nm proportional to the cosine of the tilt angle which is assumed to change from around 70
• to 40
• .
• The whole molecule, including the head group, is assumed to change its tilt angle.
The molecules are assumed to be all-trans and perfectly aligned which would yield the maximum possible change in anisotropy.
• The refractive index for an E-vector along the length axis of the molecule is n axis = 1.56, while the refractive index for an E-vector perpendicular to the long axis of the molecule is n perp = 1.48. Both refractive indices have been taken from Riegler et.al. [22] and rely on a combination of X-ray reflection data with ellipsometric measurements of monolayers of behenic acid at the air-water interface for a densely packed and perfectly oriented apmphiphiles. In our case the actual refractive indices will depend on the prevailing volume concentration and the data are therefore an upper limit.
The calculated d∆(N ) versus density-curve is plotted in Fig. 11 . Obviously a change of the molecular tilt leads to changes in d∆, but cannot account for the measured pronounced extremum. In addition it is impossible to reach d∆ = −2.77 • , which is the minimum of the measured curve, with reasonable parameters for the anisotropic layer. An increase in anisotropy has the same impact on the ellipsometric measurements as a reduction of nm and a refractive index of n axis = 1.56 for an E-vector along and of n perp = 1.48 for an E-vector perpendicular to the molecular axis were used. The layer thickness (1.0nm to 1.9nm), the tilt angle (70
, n s and n p were all assumed to be dependent on the surface coverage.
the layer thickness; hence, the only way to get nearer to d∆ = −2.77
• is to diminish the anisotropy! At this point we would like to point out that the assumptions made for this simulation are highly exaggerating the effect of the anisotropy. The SHG measurements reveal that the heads do not change their tilt angle at all. In other words that only the tails may change their tilt, which results in an even thinner anisotropic layer and therefore a smaller effect. Additionally the tails are certainly neither all-trans nor perfectly oriented even at the highest coverage measured 0.37nm 2 /molecule. For these reasons Fig. 11 represents an upper limit of the impact of anisotropy. The real effect is by far smaller for the surface coverages encountered here, which means that anisotropy cannot account for the surprising feature of the ellipsometric isotherm.
Scenario 3: Changing the counterion distribution
Ellipsometry probes the complete interfacial architecture. The reflected light is generated within the transition region between the two adjacent bulk phases, air and aqueous surfactant solution. The electric double layer has to be explicetely considered. Hence, changes in the ion distribution at higher concentrations may cause the observed feature in the ellipsometric isotherm.
The classical model of a charged double layer has been developed by Gouy, Chapman and
Stern. The interface is described by two distinct regions: a compact layer consisting of the positively charged adsorbed amphiphiles with some directly adsorbed counterions and a diffuse layer of counterions.
The ion distribution within the diffuse layer is given by the solution of the Poisson equation which relates the divergence of the gradient of the electric potential Φ to the charge density ρ at that point (see for instance [23, 24] ):
The compact layer is positively charged and in contact with an electrolyte solution which forms a diffuse layer of charges. The ion concentration distribution within the electrical potential Φ obeys Boltzmann:
where z − and z + are the valencies of the anions and cations respectively. 
The combination of eqn.(85) with the Poisson eqn.(83) yields a differential equation in the electric potential Φ . In our case the potential is only a function of the normal coordinate to the surface x. It is convenient to define a reduced potential
which further simplifies the equations and results in
The integration of equation (87) produced by the cationic amphiphilic monolayer. The effective charge density at the interface is given by this value reduced by the number density of counterions within the Stern layer. The corresponding refractive index of Stern and topmost monolayer is given by an effective medium approach. Hence the optical properties of the monolayer are known by independent means. Furthermore the refractive index profile of the diffuse layer is given once the effective charge density at the interface is known. We used the experimental data in order to retrieve the corresponding effective surface charge density. The results are depicted in Fig. 13 starting in the vicinity of the extremum of the ellipsometric isotherm.
Hence, with this model we are able to monitor by purely optical means the extent to which ions enter the compact Stern layer.
In short, ellipsometry applied to adsorption layers of ionic soluble surfactants does not measure the surface excess. The ellipsometric signal may show a non-monotonic behaviour which is caused by a redistribution of the ions between compact and diffuse layer. The data analysis within the classical model of a charged double layer yields an estimate of the prevailing ion distribution.
Ellipsometry applied to adsorption layers of nonionic surfactant directly yields the surface excess. It is therefore a valuable alternative to surface tension measurements, especially if one considers rheological properties which require higher derivatives of the surface tension isotherm.
Kinetics of absorption
Rapidly expanding liquid surfaces occur in many technical processes such as foam formation, spraying or painting, they are also omnipresent in nature, i.e. the oxygen exchange in the lung. Surfactants play a crucial role in these processes. They stabilize the new surfaces by a reduction of the surface tension. Inhomogeneities in surface coverage lead to gradients in surface tension which in turn have a strong impact on bulk hydrodynamic flow, a phenomenon also known as Marangoni flow. The overall dynamic behaviour is very complex and despite many efforts far from understood [25] . The investigation requires time resolution within the ms regime putting severe limitations on the choice of the experimental technique. The maximum bubble pressure method [25] is most often used to perform these types of studies but ellipsometry offers an interesting alternative to supplement these investigations. This method relies on surface tension measurements and the surface coverage is obtained using the equilibrium surface isotherm. The underlying assumption is that the surface is locally at equilibrium, however, in the time regime of interest this may not be the case. As outlined in the theoretical section ellipsometry measures directly the surface coverage for nonionic surfactants and provides in addition the requested time resolution. The challenging part is the design of an experiment with precisely defined boundary conditions required for modeling the underlying physics leading to the observed kinetic behavior. The most promising approaches produce an interface with a non-equilibrium surface coverage, and maintain that surface coverage through the flow of fluid in and out of the control volume. To satisfy the requirement of well-defined boundary conditions, at the beginning of the flow a freshly formed surface must be created.
Several arrangements have been suggested such as the inclined plate [25] , the overflowing cylinder [26] or the use of a jet [27] . In all these approaches the surface has a defined age at a given spot, hence the desired dynamic picture of the surfactant adsorption is obtained by moving the sample relative to the light beam. demonstrates that these problems can be overcome [29] . The adsorption of a cationic surfactant was monitored and the time dependence was found to obeye the WardTordai equation [30] providing evidence for a diffusion controlled adsorption kinetics of the surfactant in this time regime. These studies suffer from a simultaneous measurement of the flow field which is required to assess Maragoni currents induced by surface tension gradients. [35] is that fluorescent labelling is not required. Also the internal structures of domains can be assessed.
Ellipsometry can also be extended to an imaging technique which offers a wider field of applications [9] . In contrast to BAM, imaging is not bound to the existence of a Brewster angle and can even be employed for the investigation of monolayers on highly reflecting supports. 
Depth of field problem
All the above mentioned imaging techniques work under an oblique angle of incidence and as a result some peculiarities exist. Imaging under an oblique angle of incidence imposes certain restrictions on the diameter and working distance of the objective. As a result the resolution is limited to about 1 − 3µm. A discussion of this issue can be found in [32] .
The depth of field, t, of an objective is given by the numerical aperture A, the refractive index n of the ambient medium, and the wavelength λ according to [33] :
Depending on the angle of incidence, ϕ, and the numerical aperture, A, only a region of the illuminated part of the sample is in focus. This region is of the order of 1 − 50µm.
This problem is illustrated in Figure (16b) . The size of a bar is 1.9µm, the mesh size is 10µm and imaging was performed at ϕ = 53
The depth-of-field problem is a severe limitation at higher magnification. A straightforward solution consists of a scan of the objective [34] . Only the area in focus is recorded and the complete image is constructed by many stripes by imaging processing software.
This procedure yields sharp images of static objects. At the oil-water or air-water interface it is only of limited use due to the prevailing convection. An elegant approach which overcomes these difficulties was suggested in the group of Sackmann et al.. A parallel polarized laser beam was focused to an off axis spot in the back focal plane of a microscope objective of high numerical aperture. The sample which is located in the front plane is then illuminated by a parallel polarized beam of light incident on the sample under an oblique angle. The exact angle of incidence is controlled by the exact position of the laser focus in the back focal plane. The image is formed by the same objective used for illumination and the complete image is in focus [36] .
The performance of this microscope is shown in Fig. 18 . The sample consists of a photopatterned LB film with dimensions indicated in the figure. The image on the left hand side sketches the inner structure of the sample. Another elegant approach was suggested by Meunier et. al. who presented a custom made objective based on a modified Schwarzschild objective. Its optic axis is perpendicular to the studied layer and consequently the complete area is in focus. The design is ideally suited for dynamic investigations and the alignment is easier than for the previously discussed solution.
Beyond the diffraction limit
The high vertical resolution of ellipsometry is not matched by the achieved lateral resolution. The upper limit is given by diffraction and on the order of the wavelength of light. Recently an experiment has been described which overcomes the diffraction limit and allows a direct visualization of refractive index patterns with a much finer resolution [37] . The arrangement is based on a combination of Atomic Force Microscopy (AFM) and Ellipsometry and the AFM tip dimensions determines the resolution.
The sample of interest is mounted on the base of a prism. The ellipsometer is operated in the null mode and the total reflected light at the prism base is completely cancelled by the setting of the polarization optics. This null setting is kept constant during the course of the experiment. The metal AFM tip couples to the evanescent field and depending on the local optical properties of the sample the null setting is out of tune. The intensity at the detector is monitored while carrying out a topographic scan with a conventional Atomic Force Microscope. Thus two images are simultaneously generated: a topographic image by the AFM tip and an ellipsometric image which relates the intensity reading at the detector with the x,y position of the tip. The latter contains information on refractive index inhomogenity. This technique allowed for instance a visualization of 10 nm CDTe particles within a polymer matrix. The topographic scan was not able to identify the particles within the spincoated polymer film. However, due to the differences in the refractive index it could be visualized by the ellipsometric image. 
